Haematopoietic stem cells (HSCs) self-renew for life, thereby making them one of the few blood cells that truly age 1,2 . Paradoxically, although HSCs numerically expand with age, their functional activity declines over time, resulting in degraded blood production and impaired engraftment following transplantation 2 . While many drivers of HSC ageing have been proposed 2-5 , the reason why HSC function degrades with age remains unknown. Here we show that cycling old HSCs in mice have heightened levels of replication stress associated with cell cycle defects and chromosome gaps or breaks, which are due to decreased expression of mini-chromosome maintenance (MCM) helicase components and altered dynamics of DNA replication forks. Nonetheless, old HSCs survive replication unless confronted with a strong replication challenge, such as transplantation. Moreover, once old HSCs re-establish quiescence, residual replication stress on ribosomal DNA (rDNA) genes leads to the formation of nucleolarassociated cH2AX signals, which persist owing to ineffective H2AX dephosphorylation by mislocalized PP4c phosphatase rather than ongoing DNA damage. Persistent nucleolar cH2AX also acts as a histone modification marking the transcriptional silencing of rDNA genes and decreased ribosome biogenesis in quiescent old HSCs. Our results identify replication stress as a potent driver of functional decline in old HSCs, and highlight the MCM DNA helicase as a potential molecular target for rejuvenation therapies.
. While many drivers of HSC ageing have been proposed [2] [3] [4] [5] , the reason why HSC function degrades with age remains unknown. Here we show that cycling old HSCs in mice have heightened levels of replication stress associated with cell cycle defects and chromosome gaps or breaks, which are due to decreased expression of mini-chromosome maintenance (MCM) helicase components and altered dynamics of DNA replication forks. Nonetheless, old HSCs survive replication unless confronted with a strong replication challenge, such as transplantation. Moreover, once old HSCs re-establish quiescence, residual replication stress on ribosomal DNA (rDNA) genes leads to the formation of nucleolarassociated cH2AX signals, which persist owing to ineffective H2AX dephosphorylation by mislocalized PP4c phosphatase rather than ongoing DNA damage. Persistent nucleolar cH2AX also acts as a histone modification marking the transcriptional silencing of rDNA genes and decreased ribosome biogenesis in quiescent old HSCs. Our results identify replication stress as a potent driver of functional decline in old HSCs, and highlight the MCM DNA helicase as a potential molecular target for rejuvenation therapies.
Both human and mouse HSCs accumulate cH2AX signals with age 6, 7 . This is taken as direct evidence of DNA damage occurring in old HSCs, since phosphorylation of histone H2AX by ATM or ATR upon sensing of DNA breaks is one of the first steps in the canonical DNA damage response (DDR) 8 . The idea that DNA damage is a driver of HSC ageing is also supported by the age-related functional impairment observed in HSCs isolated from mice deficient in DNA repair pathway components 6, 9 . Accumulation of DNA damage in old HSCs is an attractive hypothesis to explain the propensity of the ageing blood system to acquire mutations 10 , especially since quiescent HSCs are particularly vulnerable to genomic instability after DNA damage, owing to their preferential use of the errorprone non-homologous end joining (NHEJ) repair pathway 11 . However, it remains to be established what causes cH2AX accumulation with age, and how it contributes to the functional decline of old HSCs.
To address these questions, we isolated HSCs as Lin 
/CD150
1 cells from the bone marrow of young (6-12 weeks) and old (22-30 months) wild-type C57BL/6 mice (Extended Data Fig. 1a) . We confirmed the functional impairment of old HSCs compared with young HSCs, with the expected reduced engraftment, loss of lymphoid ) are included as positive controls. e, Representative images of young and old HSCs analysed by alkaline comet assay and quantification of mean tail moment (n 5 4). Results are expressed as fold change compared with young HSCs (set to 1). Scale bars, 10 mm (a, c, d); 90 mm (e). Data are means 6 standard deviation (s.d.). *P # 0.05, **P # 0.01. NS, not significant.
potential and early onset of bone marrow failure or myeloid malignancies following transplantation (Extended Data Fig. 1b ) 2, 5 . We also confirmed that old HSCs contain more cH2AX signals than young HSCs (Fig. 1a, b and Extended Data Fig. 2a ) 6 . However, we found no evidence of associated co-localization of DNA damage proteins by microscopy, or DNA fragmentation by poly-ADP-ribose (PAR) and TdT-mediated dUTP nick end labelling (TUNEL) staining (Fig. 1c, d and Extended Data Fig. 2b, c) . We also performed alkaline comet assays to directly measure the number of DNA breaks and, although both populations showed some very damaged outliers, no statistical difference in mean tail moment was observed between young and old HSCs (Fig. 1e and Extended Data Fig. 2d, e ). Importantly, we tested the effect of 0.5 Gy of ionizing radiation on young HSCs, since this dose was estimated to be equivalent to the level of cH2AX signals present in old HSCs 6 , and observed increased tail moment by comet assay and 53BP1/cH2AX co-localization, hence validating the sensitivity of our assays (Extended Data Fig. 2f, g ). We also found that age-associated cH2AX signals were considerably less intense than ionizing-radiation-induced cH2AX foci (Extended Data Fig. 3a) , which probably reflects differences in the spread and density of phosphorylated H2AX in each case. Collectively, these results indicate that old HSCs display cH2AX signals without DDR activation or detectable levels of DNA breaks.
To determine whether old HSCs remain competent for DDR, we exposed young and old HSCs to 2 Gy of ionizing radiation and followed their kinetics of DNA repair by microscopy ( Fig. 2a and Extended Data Fig. 3b) . In both populations, we observed increased 53BP1-containing cH2AX foci by 2 h after ionizing radiation, followed by their progressive disappearance over time. Although old HSCs showed slower kinetics, both populations had essentially cleared all ionizing-radiation-induced cH2AX foci by 24 h after irradiation (Fig. 2b) . In addition, both young and old HSCs expressed equivalent levels of homologous recombination and NHEJ DNA repair genes by quantitative polymerase chain reaction with reverse transcription (qRT-PCR) analyses (Fig. 2c) . Altogether, these results demonstrate that old HSCs can activate the DDR and clear ionizing-radiation-induced cH2AX foci as effectively as young HSCs, and suggest that accumulation of cH2AX in old HSCs could be independent of the sensing of DNA breaks. In fact, ATR can also be activated upon sensing interference with DNA replication forks 8 . Strikingly, we observed increased staining for the single-stranded DNA-binding proteins RPA and ATRIP in old HSCs (Fig. 2d, e and Extended Data Fig. 3c ), which suggests that age-associated cH2AX signals could originate from replication stress 12 .
Replication stress is intrinsically linked to cell proliferation, and previous studies have reported a spectrum of findings ranging from increased, decreased, to unchanged proliferation in old HSCs 13 . In our hands, cell cycle analyses revealed a variable frequency of G0/G1 cells in old HSCs (Fig. 3a and Extended Data Fig. 4a ). qRT-PCR analyses of cell cycle genes also indicated enhanced expression of Cdkn1a (p21) and decreased expression of a range of cyclins in old HSCs, which suggest engagement of cell cycle restriction checkpoints (Extended Data Fig. 4b ). Moreover, tracking of single-cell division kinetics uncovered a consistent ,4 h delay in 
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the onset of the first division in old HSCs, which was even increased during the second division (Fig. 3b) . We directly confirmed that old HSCs had both a delayed entry into S phase and an extended S phase using single 5-ethynyl-29-deoxyuridine (EdU) and double EdU/5-bromodeoxyuridine (BrdU) incorporation experiments ( Fig. 3c and Extended Data Fig. 4c ).
Collectively, these results demonstrate impaired progression through S phase in cycling old HSCs.
DNA replication is often accompanied by cH2AX foci formation at stalled and/or collapsed replication forks, and activation of the DDR to allow normal DNA synthesis 14 . Strikingly, we found that cycling old HSCs displayed significantly more phosphorylated (p)-CHK1 and 53BP1-containing cH2AX foci than young HSCs, and directly showed cH2AX accumulation in replicating old HSCs using EdU/cH2AX co-staining of both in vitro and in vivo cycling cells (Fig. 3d-f and Extended Data Fig. 4c, d ). We also confirmed elevated RPA staining in 36 h cycling old HSCs (Fig. 3g) , and persistent 53BP1 bodies in ,60% of old HSCs that had re-entered G1 phase at this time point compared with ,20% of young HSCs ( Fig. 3h and Extended Data Fig. 4e ) 15 . Moreover, we observed a trend towards elevated amounts of fragmented DNA detected by alkaline comet assays in cycling old HSCs either cultured in vitro (not significant) or isolated after in vivo mobilization treatment ( Fig. 3i and Extended Data Fig. 4f, g ). Consistently, 5-day-expanded cultures showed increased numbers of chromosomal gaps and breaks in the progeny of cycling old HSCs ( Fig. 3j and Supplementary Table 1 ). In contrast, karyotyping analyses revealed no evidence of chromosomal deletions and/or translocations (Supplementary Table 1 ), which usually occur as a consequence of NHEJ-mediated repair of DNA breaks 11 . Collectively, these results demonstrate heightened levels of replication stress in cycling old HSCs associated with extended S phase and acquisition of chromosomal gaps/breaks. In rare cases, we also observed exacerbated features of replication stress in old HSCs, including senescence with increased senescence-associated b-galactosidase (SA-b-Gal) staining and Cdkn2a (p16) expression, and fragile telomeres with multiple telomeric signals (Extended Data Fig. 5a, b) . To understand at the molecular level why old HSCs have replication stress, we performed microarray gene expression analyses. We compared both HSCs and granulocyte/macrophage progenitors (GMPs) and subtracted for genes that were differentially expressed between young and old GMPs. This allowed us to identify 913 significantly differentially expressed genes that were specific to old HSCs and segregated into four main clusters (Supplementary Table 2 Moreover, we directly demonstrated a ,50% decrease in MCM4 and MCM6 protein levels in quiescent old HSCs (Fig. 4a, b) . Interestingly, re-analyses of published data sets also showed decreased Mcm expression in several old HSC samples (Extended Data Fig. 6c ). The MCM proteins form a heterohexameric complex that is part of the pre-replication complex assembled at origins of replication during late M/early G1 phases 16 . At the G1-to-S-phase transition, MCM proteins associate with CDC45 and the go-ichi-ni-san (GINS) complex to form an active helicase that unwinds the DNA at replication forks 17 . In contrast to MCM proteins, the expression of other pre-replication complex or DNA helicase components was not altered in old HSCs (Extended Data Fig. 6a ). Collectively, these results uncovered a specific deficit in MCM proteins in old HSCs.
One characteristic of cells with decreased MCM levels is hypersensitivity to replication stressors 18 . To test the sensitivity of young and old HSCs, we used a low dose of the DNA polymerase inhibitor aphidicolin. While 36 h in vitro aphidicolin treatment only had a modest effect on young HSCs, old HSCs displayed a massive accumulation of cH2AX foci, enhanced apoptosis and severely impaired colony-forming activity upon re-plating in methylcellulose (Fig. 4c-e) . However, after transplantation, 36 h aphidicolin-treated young HSCs showed strikingly impaired reconstitution ability, with early onset of bone marrow failure and death, while both treated and untreated old HSCs displayed equally poor transplantability with reduced lymphoid output (Extended Data Fig. 7a) . Moreover, the number of engrafted 36 h aphidicolin-treated young HSCs was significantly reduced to levels similar to engrafted old HSCs, either treated or untreated (Extended Data Fig. 7b ). These findings demonstrate that induced replication stress severely damages the functionality of young HSCs in a way that resembles age-associated effects, and that transplantation is the ultimate replication challenge for old HSCs. We also confirmed that the differential killing of old HSCs was specific for replication stressors as opposed to non-specific cytotoxic agents (Extended Data  Fig. 7c ). Collectively, these results demonstrate that replication stress can degrade HSC function, even in young HSCs with a full complement of MCM proteins, and that old HSCs with reduced MCM levels are more susceptible to the killing effect of replication challenges both in vitro and in vivo. 1 HSCs were re-isolated 48 h post-infection for in vitro analyses, or used without re-isolation 12 h post-infection for transplantation (5 mice per condition): i, representative images of MCM4 and MCM6 protein levels and cH2AX foci; j, colony counts in methylcellulose (results are expressed as fold change compared to scrambled shRNA (sh-scr)-infected HSCs, set to 100%); and k, reconstitution ability upon transplantation (results are percentage of GFP chimaerism normalized to the initial transduction efficiency per construct). UT, untransfected. Scale bars, 10 mm (a-c, i); 2.5 mm (f). Data are means 6 s.d. *P # 0.05, **P # 0.01, ***P # 0.001.
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Although MCM proteins are normally present in excess, downregulation of just one component is sufficient to sensitize cells to replication stress by reducing their capacity to activate dormant origins in response to collapsed replication forks 18 . To directly assess replication at the singlemolecule level, we analysed stretched DNA fibres after 5-chloro-29-deoxyuridine (CldU)/5-iodo-29-deoxyuridine (IdU) labelling of 36 h replicating young and old HSCs (Fig. 4f and Extended Data Fig. 7d) . Strikingly, we observed a significant increase in both replication fork velocity and numbers of asymmetric replication forks in old HSCs (Fig. 4h, g ). These altered dynamics are consistent with the replication stress features reported in cells with impaired MCM activity 18, 19 , and probably reflect a reduced number of licensed replication origins leading to an extended S phase in old HSCs. We then used lentiviral vectors containing either Mcm4 or Mcm6 short hairpin RNA (shRNA) to determine the effect of decreased MCM levels on young HSC function. We confirmed $50% knockdown both at the messenger RNA and protein levels, associated with accumulation of cH2AX foci, lower colony-forming ability and reduced expansion rates in culture (Fig. 4i, j (Fig. 4k) , which directly confirms that reducing MCM levels strongly impairs young HSC functionality. Collectively, these results reinforce previous data linking decreased MCM levels to impaired stem-and progenitor-cell proliferation 20 , and identify the deficit in MCM DNA helicase components as the likely cause of the replication stress features of old HSCs.
While replication stress provides an explanation for the high levels of cH2AX in cycling old HSCs, it does not account for cH2AX accumulation in quiescent old HSCs. To address this issue, we asked whether cH2AX could mark particular subnuclear structures 21 . Whereas no colocalization was found with centromeric or telomeric regions, we observed an almost complete co-localization of cH2AX signals with nucleolar markers in quiescent old HSCs (Fig. 5a and Extended Data Fig. 8b, c) 
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Although nucleolar cH2AX signals were almost never found in young cells, they were occasionally observed in old multipotent progenitors (MPPs), but not in old GMPs or granulocytes (Fig. 5b and Extended Data Fig. 8d, e) . One to five nucleoli can usually be observed per mouse cell, which result from the cell-cycle-dependent assembly of nucleolar organizer regions (NORs) present on four different chromosome pairs in the C57BL/6 mouse background 22 . As expected, replicating HSCs showed a cyclical dissociation/reformation of nucleolar structures, albeit with slower kinetics in old HSCs (Fig. 5c and Extended Data Fig. 8f) . Remarkably, cH2AX signals quickly vanished from the nucleolus in cycling old HSCs even before nucleolar dissociation, and never re-appeared in vitro even after nucleolar reformation ( Fig. 5d and Extended Data Fig. 8f) . Nucleolar cH2AX signals were also never observed in cycling old HSCs re-isolated 2 weeks after transplantation, but were readily detectable in old HSCs re-isolated 7 months after transplantation, which had, by then, re-entered quiescence (Extended Data Fig. 9a ). The nucleolus is primarily the site of ribosome biogenesis, where multiple repeats of rDNA genes present on each NOR are transcribed and then spliced to produce the 18S, 5.8S and 28S rRNA subunits 22 . We confirmed the presence of cH2AX on rDNA genes in quiescent old HSCs using an immunofluorescence in situ hybridization (FISH) approach (Fig. 5e and Extended Data Fig. 8g ). We also found significantly reduced expression of the 47S rRNA precursor transcripts by qRT-PCR in quiescent old HSCs (Fig. 5f) , and confirmed decreased ribosome biogenesis in these cells using Bioanalyzer track analyses (Extended Data Fig. 9b ). Moreover, we observed restoration of 47S rRNA precursor transcript expression to levels found in young HSCs in cycling old HSCs that had lost nucleolar cH2AX (Fig. 5f ). Taken together, these results indicate that nucleolar cH2AX signals are an exclusive feature of quiescent old HSCs, which correlate with decreased ribosome biogenesis and could mark the transcriptional silencing of rDNA genes. In contrast, none of the classic histone methylation marks associated with active or repressed transcription displayed specific nucleolar enrichment in old HSCs (Extended Data Fig. 9c) .
rDNA genes are the most abundant and highly transcribed genes in eukaryotes, which contain many replication origins and are known to challenge the replication machinery 23 . It is therefore likely that replicating old HSCs accumulate cH2AX on rDNA genes, and we propose that their aggregation during nucleolar reformation causes the appearance of nucleolar-associated cH2AX signals in quiescent old HSCs. Importantly, single-nucleotide polymorphism (SNP) analyses of amplified genomic DNA did not reveal significant differences in rDNA sequences between young and old HSCs (data not shown), which suggests that replication stress has little to no mutagenic consequence for rDNA gene integrity. In addition, we found that PP4c, one of the best-characterized cH2AX phosphatases 24 , was strikingly mislocalized in quiescent old HSCs. While nuclear PP4c was observed in both quiescent and cycling young HSCs, PP4c was found almost exclusively in the cytoplasm of quiescent old HSCs and only became nuclear when old HSCs re-entered the cell cycle ( Fig. 5g and Extended Data Fig. 9d ). Nuclear re-localization of PP4c also occurred within the same time window (3-9 h) as disappearance of cH2AX from the nucleolus in cycling old HSCs. Thus, it is conceivable that the long-term persistence of nucleolar cH2AX in quiescent old HSCs results from ineffective H2AX dephosphorylation due to mislocalized PP4c rather than ongoing DNA damage. Although we observed the presence of unrepaired, RPA-coated stretches of singlestranded DNA in quiescent old HSCs, they do not appear to trigger the DDR in these cells, in contrast to what has been described in other . They might also be the source of the DNA breaks detected by alkaline comet assays in a recent study of quiescent old HSCs 26 , but again without evidence of an activated DDR. A failure to dephosphorylate H2AX could therefore explain why quiescent old HSCs show persistent cH2AX signals without DDR activation.
Our results demonstrate that replication stress is a potent driver of functional decline in old HSCs, and identify a deficit in MCM helicase components as the molecular mechanism for the impaired replication of old HSCs (Extended Data Fig. 10 ). It will now be important to understand why expression of Mcm genes decreases with age in HSCs, and whether this could be reversed through direct changes in old HSCs or rejuvenation of the ageing bone marrow niche 27 . Our results also suggest a non-canonical function for cH2AX as an epigenetic histone modification that marks the silencing of the transcription machinery. This could be a normal mechanism to block transcription in genomic regions undergoing DNA repair, and further studies will address the broad relevance of this novel finding. It will also be interesting to determine whether decreased rDNA gene transcription in quiescent old HSCs plays a part in bone marrow failure syndromes and other age-related blood defects linked to defective ribosome function 28 . In this context, it will be important to understand why PP4c is mislocalized in quiescent old HSCs, and whether this can be reverted for therapeutic purposes.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Mice. Young (6-12 weeks) and old (22-30 months) wild-type C57BL/6 mice of both genders were either bred and aged in house, or purchased from the National Institute on Aging (NIA) aged rodent colonies. For transplantations experiments, 8-12-week-old CD45.1 C57BL/6-Boy/J recipient mice were lethally irradiated (11 Gy, delivered in split doses 3 h apart) and injected retro-orbitally with 250 to 5,000 purified CD45.2 HSCs delivered together with 300,000 Sca1-depleted helper CD45.1 bone marrow cells. Transplanted mice were kept on antibiotic-containing water for 4 weeks and analysed for donor-derived chimaerism by regular bleeding. Peripheral blood was obtained from retro-orbital bleeding, and collected in 4 ml of ACK (150 mM NH 4 Cl, 10 mM KHCO 3 ) containing 10 mM EDTA for flow cytometry analyses. Cyclophosphamide (C)/ granulocyte colony-stimulating factor (G-CSF) mobilization treatment was performed as previously described 11 . For mouse studies, no specific randomization or blinding protocol was used, and all experiments were performed in accordance with University of California San Francisco (UCSF) Institutional Animal Care and Use Committee approved protocols. 1 /Gr-1 1 ) from unfractionated bone marrow were performed as described 29 . In brief, HSCs were stained with un-conjugated lineage antibodies (Gr-1, Mac1, B220, CD3, CD4, CD5, CD8, Ter-119; all obtained from the UCSF Hybridoma Core Facility), goat anti-rat-PE-Cy5 (Invitrogen, A10691), c-Kit-APCeFluor780 (eBioscience, 47-1171-82), Sca1-PB (BioLegend, 108120), Flk2-Bio (eBioscience, 13-1351-82), CD48-Alexa Fluor 647 (BioLegend, 103416), CD150-PE (BioLegend, 115904) and SA-PE-Cy7 (eBioscience, 25-4317-82) antibodies. FccRPerCP-eFluor710 (eBioscience, 46-0161-82) and CD34-FITC (eBioscience, 11-0341-85) were eventually included for concomitant isolation of MPPs and GMPs, and granulocytes were stained with Mac-1-PE-Cy7 (eBioscience, 25-0112-82) and Gr-1-PB (eBioscience, 57-5931-82) antibodies. CD45.1-FITC (eBioscience, 11-0454-85) was also included for isolation of donor-derived HSCs following transplantation. Blood chimaerism was analysed using CD45.2-FITC, eBioscience, 12-0453-83), B220-APC-e780 (47-0452-82), Gr-1-PB, Mac-1-PE-Cy7, CD3-e660 (eBioscience, 50-0032-82) and Ter-119-Cy5PE (eBioscience, 15-5921-83) antibodies. Stained cells were re-suspended for final analysis in Hanks buffered salt solution (HBSS) with 2% heat-inactivated fetal calf serum (FCS) and 1 mg ml 21 propidium iodide (PI) for dead cell exclusion. For intracellular Ki67 and 4',6-diamidino-2-phenylindole (DAPI) staining, 5 3 10 6 unfractionated BM cells were surface stained for HSC markers as described earlier, fixed in Cytofix/Cytoperm buffer (BD Biosciences, 554714) for 2 h at 4uC, washed in PermWash (BD Biosciences), permeabilized with CytoPerm Plus (BD Biosciences) for 10 min at room temperature, re-fixed in Cytofix/Cytoperm buffer for 10 min at 4uC, washed in PermWash and stained with FITC-conjugated anti-Ki67 (Vector Laboratories) for 1 h at room temperature. Cells were washed in PermWash and resuspended in PBS/2% FCS. DAPI was subsequently added to samples and allowed to incubate for 20 min at room temperature before analysis. Cell isolation was performed on a FACS ARIAII (BD), using double sorting to ensure maximum purity, and cell analysis was performed on a FACS LSRII (BD). Cell culture. All cell irradiation procedures were performed using a ; Sigma, A4487), hydroxyurea (100 mM; Sigma, H8627), etoposide (0.25 mM; Sigma, E1383), staurosporine (5 nM; Sigma, S6942) or dimethylsulphoxide (DMSO) (vehicle) were added to the culture media as indicated. All cultures were performed at 37 uC in a 5% CO 2 water jacket incubator (Thermo Scientific). For DNase I treatment, cells were fixed with 4% PFA at room temperature, permeabilized in 0.2% Triton X-100 for 2 min at room temperature and incubated with 50 U of DNase I (Sigma, D4527) in 3% BSA, 5 mM MgCl 2 , 2 mM CaCl 2 , 0.23 PBS for 10 min at 37 uC. For single-cell tracking experiments, cells were sorted directly into 96-well plates (1 cell per 100 ml per well, 96 wells scored per condition), visually inspected after 12 h to confirm successful single-cell sort, and, again, at the indicated time points to establish the kinetics of the first (appearance of 2 or more cells) and second (appearance of 4 or more cells) cell divisions. For EdU incorporation, cells were cultured for 16 h, pulsed for 1 h with 10 mM EdU (Life Technologies, C10339), harvested by 17 h and deposited onto poly-lysine coated slides (Thermo Scientific). For EdU/BrdU incorporation, cells were cultured for 16 h, pulsed for 1 h with 10 mM EdU, washed three times and incubated for 3 h in culture media without thymidine analogues, pulsed for 1 h with 60 mM BrdU (Sigma, B5002), harvested by 21 h and deposited onto poly-lysine-coated slides. For apoptosis assays, cells were sorted directly into 384-well solid white luminescence plates (400 cells per 40 ml per well, triplicate wells per conditions) and analysed after 36 h culture by adding 40 ml of CaspaseGlo 3/7 (Promega) to each well, shaking at 300 r.p.m. for 30 s, incubating for 45 min at room temperature and reading on a luminometer (Synergy2, BioTek) to obtain relative luciferase units (RLU). Immunofluorescence staining. Cells were either directly sorted or pipetted onto poly-lysine coated slides (500-2,000 cells per slide), incubated for 10 min, fixed with 4% PFA for 10 min at room temperature, permeabilized in 0.15% Triton X-100 for 2 min at room temperature and blocked in 1% BSA/PBS overnight at 4 uC. Slides were then incubated for 1 to 2 h at 37 uC in 1% BSA/PBS with the following antibodies alone or in combination: anti-phospho-H2AX (Ser 139) and A488-conjugated donkey anti-mouse (A-21202). Slides were then washed three times in PBS and mounted using VectaShield (Vector Laboratories) containing 1 mg ml 21 DAPI. For cH2AX/PNA immuno-FISH staining, cells were re-fixed with 4% PFA for 5 min after cH2AX staining and then processed for FISH as previously described 30 . For cH2AX/rDNA immuno-FISH staining, cells were first fixed with ice-cold methanol for 2 min before blocking, then re-fixed with 2% PFA for 5 min after cH2AX staining and processed for FISH according to the manufacturer's recommendations (FISHTag DNA kit, Molecular Probes, F32949), with a 3 h RNase treatment step at 37 uC replacing the suggested HCl/pepsin treatment before dehydration of the slides. The rDNA FISH probe corresponded to a 11.35 kb EcoRI-EcoRI fragment of the pMr974 mouse rDNA plasmid comprising parts of the nontranscribed spacer, the 50 external transcribed spacer and the majority of the 18S sequence (gift from I. Grummt). TUNEL staining was performed according to the manufacturer's recommendations (Roche, 11684795910). EdU incorporation was detected using A594-labelled azide click chemistry according to the manufacturer's instruction (Life Technologies, Click-iT EdU imaging assay, C10339). For EdU/BrdU double labelling, cells were re-fixed with 3.7% PFA for 5 min after EdU labelling, denatured with 2 N hydrochloric acid for 30 min at room temperature, washed with borate buffer (100 mM, pH 8.5) for 10 min, and incubated with A488-conjugated anti-BrdU (Life Technologies, B35130) overnight at 4 uC. For EdU/cH2AX double staining, cells were re-fixed with 4% PFA for 5 min after EdU labelling and stained for cH2AX. Images were acquired on a SP5 Leica Upright Confocal Microscope (310, 320 or 363 objective) and processed using the Volocity software (Perkin Elmer v.6.2). A (mean DAPI intensity 3 nuclear area) cut-off of #1,100 was used to identify G1-phase cells in 36 h culture. An average of 150 cells (EdU and EdU/ BrdU incorporation assays, persistent G1-phase 53BP1 bodies), 200 cells (cH2AX quantification) and 30 cells (all other immunofluorescence analyses) were scored from at least two independent experiments. Single-molecule DNA replication analyses. Replication track analyses were adapted from a published protocol 31 . In brief, cells were cultured for 36 h, pulsed for 38 min with 50 mM CldU (Sigma, C6891), washed twice with IMDM base media, pulsed for 38 min with 250 mM IdU (Sigma, I7125), washed once with IMDM base media, spotted onto glass slides and lysed for 36 min with 10 ml of spreading buffer (0.5% SDS in 200 mM Tris-HCl (pH 7.4) and 50 mM EDTA). Slides were tilted at a 15u angle to allow DNA to spread, fixed in 3:1 volume absolute methanol:glacial acetic acid for 2 min and air-dried. DNA was denatured with 2.5 M HCl for 30 min at room temperature, and slides were rinsed three times in PBS and blocked in PBS/0.1% Triton X-100/1% BSA for 1 h at room temperature. Cells were incubated for 1 h at room temperature with rat anti-BrdU (Abcam, ab6326) and mouse anti-BrdU (Becton Dickinson, 347580) antibodies to detect CldU and IdU, respectively, together with a mouse anti-single-stranded DNA antibody (Millipore, MAB3034) to check for DNA fibre integrity. Slides were washed three times in PBS and incubated for 30 min at room temperature with A488-conjugated goat anti-mouse (Molecular Probes, A-21121), A594-conjugated goat anti-rat (Life Technologies, A-11007) and A647-conjugated anti-mouse IgG2a (Molecular Probes, A-21241) secondary antibodies. Slides were then washed three times in PBS and mounted in Prolong Plus (Invitrogen, P36930). Tracks were imaged on a DM6000 B Leica microscope and fork rate (FR) was calculated based on the length of the IdU tracks measured using ImageJ software and the following formula: FR (kb min LETTER RESEARCH
